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SUMMARY 
A knowledge o f  t h e  d i e l e c t r i c  p r o p e r t i e s  o f  microwave s u b s t r a t e s  a t  low 
temperatures i s  u s e f u l  i n  t h e  des ign  o f  superconduc t ing  microwave c i r c u l  t s .  
I n  t h i s  paper,  we r e p o r t  t h e  r e s u l t s  o f  a s t u d y  o f  t h e  complex p e r m i t t i v i t y  of 
s a p p h i r e  (Al2O3), magnesium o x i d e  (MgO), s i l i c o n  o x i d e  ( S i O z ) ,  lanthanum a lumi -  
n a t e  (LaA1031, and z i r c o n i u m  o x i d e  (Z r02 ) ,  i n  t h e  20 to  300 K t empera tu re  range,  
a t  f r e q u e n c i e s  from 26.5 to  40.0 GHz. 
7 M p a r t s  o f  t h e  complex p e r m i t t i v i t y  were o b t a i n e d  from t h e  s c a t t e r i n g  parameters,  
o which were measured u s i n g  a HP-8510 au tomat i c  network a n a l y z e r .  For these 
e measurements, t h e  samples were mounted on t h e  c o l d  head of  a h e l i u m  gas c l o s e d  
w c y c l e  r e f r i g e r a t o r ,  i n  a s p e c i a l l y  des igned vacuum chamber. An arrangement o f  
wave gu ides ,  w i t h  mica windows, was used t o  connect  t h e  c o o l  i n g  system t o  t h e  
ne twork  a n a l y z e r .  A decrease i n  t h e  v a l u e  o f  t h e  r e a l  p a r t  o f  t h e  complex pe r -  
m i t t i v i t y  o f  these s u b s t r a t e s ,  w i t h  dec reas ing  temperature,  was observed.  For 
MgO and Al2O3, t h e  decrease from r o o m  tempera ture  to  20 K was o f  7 and 
15 p e r c e n t ,  r e s p e c t i v e l y .  
by 15 p e r c e n t ,  and f o r  S i02  by 2 p e r c e n t ,  i n  t h e  above ment ioned tempera tu re  
range - 
The va lues  o f  t h e  r e a l  and i m a g i n a r y  
m 
I 
For LaA103, i t  decreased by 14 p e r c e n t ,  for  Zr02 
INTRODUCTION 
The successfu l  a p p l i c a t  on o f  t h i n  f i l m s ,  made w i t h  t h e  new h i g h  temper- 
a t u r e  superconductor  o x i d e s ,  i n  t h e  development o f  microwave c i r c u i t s ,  r e s t  
c o n s i d e r a b l y  on t h e  d i e l e c t r  c p r o p e r t i e s  o f  t h e  d i f f e r e n t  s u b s t r a t e s  used for 
f i l m  d e p o s i t i o n .  
s t r a t e s  w i t h  low d i e l e c t r i c  c o n s t a n t  and loss t a n g e n t ,  ( r e f .  1 )  I f  good 
performance from microwave components i s  expected.  
For microwave a p p l i c a t i o n s ,  i t  i s  d e s i r a b l e  to  have sub- 
U n t i l  now, Y-Ba-Cu-0 f i l m s  d e p o s i t e d  on S rT i03 ,  have shown t h e  h i g h e s t  
q u a l i t y  when compared w i t h  f i l m s  d e p o s i t e d  on o t h e r  s u b s t r a t e s .  
due t o  i t s  e x t r e m e l y  temperature dependent d i e l e c t r i c  c o n s t a n t ,  w i t h  a v a l u e  
f o r  300 a t  room tempera tu re ,  around 1000 a t  77 K, and o v e r  18000 a t  h e l i u m  t e m -  
p e r a t u r e s ,  and i t s  c o n s i d e r a b l y  h i g h  l o s s  tangen t ,  ( r e f .  2)  i t s  microwave a p p l i -  
c a b i l i t y  i s  r a t h e r  l i m i t e d .  A l though  o t h e r  m a t e r i a l s  as MgO, LaA103, and Zr02 
a r e  now b e i n g  used as s u b s t r a t e s ,  i n f o r m a t i o n  about  t h e i r  d i e l e c t r i c  p r o p e r t i e s  
a t  temperatures below room temperature,  and f o r  some o f  them even a t  room tem- 
p e r a t u r e ,  i s  r a t h e r  sca rce .  
N e v e r t h e l e s s ,  
I n  t h i s  paper, we r e p o r t  on  t h e  measurements of t h e  microwave complex pe r -  
m i t t i v i t y  o f  MgO, Al2O3, LaA103, Zr02, and S i02 ,  i n  t h e  20 t o  300 K tempera tu re  
range and as a f u n c t i o n  o f  f requency .  The measurements were taken  f o l l o w i n g  a 
method p r e v i o u s l y  r e p o r t e d  b y  o t h e r  a u t h o r s  ( r e f a .  3 to  5). T h i s  method a l l o w s  
t h e  d e t e r m i n a t i o n  o f  b o t h  p a r t s  o f  t h e  complex p e r m i t t i v i t y  i n  a r a t h e r  s i m p l e  
way, and i s  v e r y  conven ien t  f o r  cases i n  wh ich  a f a s t  d e t e r m i n a t i o n  o f  t h e  
d i e l e c t r i c  cons tan t  of a m a t e r i a l  i s  needed. Never the less ,  t h e  method has a 
h i g h  u n c e r t a i n t y  i n  t h e  measurement o f  t h e  imag ina ry  p a r t  o f  t h e  complex p e r -  
m i t t i v i t y  f o r  m a t e r i a l s  w i t h  v e r y  low loss tangen t .  
ANALYSIS 
I n  o r d e r  to de te rm ine  t h e  v a l u e  o f  t h e  r e a l  and imag ina ry  p a r t s  o f  t h e  
complex p e r m i t t i v i t y  for  t h e  v a r i o u s  s u b s t r a t e s  under c o n s i d e r a t i o n ,  we have 
f o l l o w e d  t h e  method proposed b y  N i c o l s o n  and Ross, ( r e f .  3 )  as m o d i f i e d  by  
Wier,  ( r e f .  4)  and f o l l o w i n g  t h e  imp lemen ta t i on  sugges t ions  o f  r e f e r e n c e  5 .  
an i d e a l  case, c o n s i d e r  a p i e c e  o f  m a t e r i a l  i n s t a l l e d  i n  a r e c t a n g u l a r  wave 
g u i d e  w i t h  c h a r a c t e r i s t i c  impedance Zo, as shown i n  f i g u r e  1 .  
t h e  s c a t t e r i n g  parameters ,  S l l ( w )  and S 2 1 ( ~ ) ,  can be r e l a t e d  w i t h  t h e  
r e f l e c t i o n ,  r ,  and t ransmission,  T ,  c o e f f i c i e n t s ,  as f o l l o w s ,  
I n  
A f t e r  s o l v i n g  t h e  co r respond ing  boundary c o n d i t i o n s  a t  x = 0 and x = d, 
2 
2 2  
( 1  - r ) T  
I - T T  
2 ( 1  - T )r 
I - T T  2 2 ’  s21 = sll = 
The r e f l e c t i o n  c o e f f i c i e n t ,  when t h e  l e n g t h  o f  t h e  m a t e r i a l  i s  i n f i n i t e ,  
i s  g i v e n  by 
z - zo e- 1 
e+ 1 r = -  a z + zo ( 2 )  
A l s o ,  t h e  t r a n s m i s s i o n  c o e f f i c i e n t ,  when t h e  l e n g t h  o f  t h e  m a t e r i a l  i s  
f i n i t e ,  i s  g i v e n  by, 
T = exp ( - jw  PE d)  = expC(- jw/c) prey d l  (3) 
Thus, t h e  r e f l e c t i o n  and t r a n s m i s s i o n  c o e f f i c i e n t s  can be d e r i v e d  by  meas- 
S l l ( w )  and S 2 1 ( w > ,  and i n  t u r n  t h e y  can be used t o  o b t a i n  t h e  v a l u e  o f  u r i n g  
t h e  permi t t i v i  t y .  
The exper imen ta l  c o n f i g u r a t i o n  used fo r  t h e  measurements o f  t h e  r e f l e c -  
t i o n ,  S11(0>, and t r a n s m i s s i o n ,  S2l(w>, s c a t t e r i n g  parameters  f o r  t h e  samples 
under c o n s i d e r a t i o n ,  i s  shown I n  f i g u r e  2. The measurements were made u s i n g  an 
HP-8510 au tomat i c  ne twork  a n a l y z e r ,  p r o p e r l y  connected  by an arrangement o f  
Ka-band ( 2 6 . 5  to 40.0 G H z )  wave gu ides ,  t o  a c o o l i n g  system. 
t e m  c o n s i s t  o f  a CTI-Cryogenics c l o s e d  c y c l e  h e l i u m  r e f r i g e r a t o r ,  a s s o c i a t e d  
w i t h  a Lake Shore C r y o t r o n i c s  tempera tu re  c o n t r o l l e r ,  model DRC 91C, which  
a l l o w s  measurements t o  be taken  a t  t h e  r e q u i r e d  low tempera tu res .  
The c o o l i n g  sys- 
2 
The measurements were per fo rmed under vacuum (< lo -3  t o r r ) ,  i n  an aluminum 
vacuum chamber s p e c i f i c a l l y  designed t o  f i t  on t h e  t o p  o f  t h e  e x t e r n a l  s h i e l d  
o f  t h e  r e f r i g e r a t o r  and t o  g i v e  access to  t h e  s e t  up o f  wave gu ides  c o n n e c t i n g  
t h e  ne twork  a n a l y z e r  w i t h  t h e  r e f r i g e r a t o r .  
i n s i d e  t h e  chamber, two mica  windows were p l a c e d  a t  i t s  ends. The m a t e r i a l  fo r  
t h e  windows, was s e l e c t e d  due t o  i t s  v e r y  low l o s s  and t ransparency  i n  t h i s  
f requency  range.  
I n  o r d e r  t o  p rese rve  t h e  vacuum 
I n  o r d e r  to  measure t h e  s c a t t e r i n g  parameters ,  t h e  sample was h e l d  i n  a 
sample h o l d e r  which was suspended between two wave gu ide  f l a n g e s ,  as shown i n  
f i g u r e  3. The wave gu ide  f l anges  were i n  d i r e c t  c o n t a c t  w i t h  a copper p l a t e ,  
wh ich  i n  t u r n  was a t t a c h e d  to t h e  c o l d  head o f  t h e  r e f r i g e r a t o r .  The two sup- 
p o r t i n g  wave gu ides  i n s i d e  t h e  vacuum chamber, were s p e c i a l l y  des igned t o  be 
used a t  low tempera tures .  They a r e  made of s t a i n l e s s  s t e e l ,  a r e l a t i v e l y  poo r  
the rma l  conduc to r .  A g o l d  p l a t i n g  o f  t h e i r  i n t e r n a l  s u r f a c e s  was per fo rmed,  i n  
o r d e r  t o  reduced t h e  microwave l o s s e s .  F i n a l l y ,  i n  an a t t e m p t  t o  reduce t h e  
e r r o r s  induced i n  t h e  measurements, p o s s i b l y  due to  l i n e a r  thermal  c o n t r a c t i o n s  
o f  t h e  wave gu ides  as t h e  tempera ture  decreases, t h e  system was c a l i b r a t e d  a t  
a l l  t h e  tempera tures  a t  wh ich  measurements were taken.  These c a l i b r a t i o n s  were 
s t o r e d ,  so t h a t  t h e y  c o u l d  be r e c a l l e d  t o  be used i n  l a t e r  measurements. 
RESULTS 
The t h i c k n e s s  o f  t h e  s u b s t r a t e s  used i n  t h i s  s tudy ,  v a r i e s  from 0.285 mm 
f o r  MgO, to  1.641 mm fo r  S i 0 2 .  The t h i c k n e s s e s  f o r  t h e  A120 , LaA103, and 
7 and t a b l e  I show t h e  measurement r e s u l t s  for t h e  r e a l  p a r t  of t h e  complex 
p e r m i t t i v i t y  o f  t h e  samples, a t  room tempera tu re  and a t  20 K .  The v a l u e  f o r  
t h e  d i e l e c t r i c  c o n s t a n t  o f  MgO a t  room tempera tu re  agrees w e l l  w i t h  va lues  quo ted  
by  o t h e r  researchers  ( r e f s .  6, 7 ,  9 ) .  For  A1203 and S i02 ,  t h e  va lues  o f  t h e  
d i e l e c t r i c  c o n s t a n t  o b t a i n e d  a t  room tempera ture ,  a r e  a l s o  i n  good agreement 
w i t h  t h e  va lues  quotedpby Zahopoulos ( r e f .  8)  and Von H i p p e l  ( r e f .  7) respec-  
t i v e l y .  A l though  fo r  Zr02 t h e r e  appear to be no  d a t a  f o r  comparison i n  t h i s  
f requency  range, t h e  v a l u e  fo r  i t s  d i e l e c t r i c  c o n s t a n t  a t  room tempera tu re  i s  
c o n s i s t e n t  w i t h  t h e  one r e p o r t e d  by Gorshunov, e t  a l . ,  ( r e f .  9 )  a t  f r e q u e n c i e s  
w i t h i n  10’’ t o  1012 Hz. I n  the  case o f  LaA103, t h e  v a l u e  o b t a i n e d  for i t s  
d i e l e c t r i c  c o n s t a n t  a t  room tempera ture  i s  n o t  c o n s i s t e n t  w i th  t h e  v a l u e  o f  
15.3 r e p o r t e d  by  Simon, e t  a l .  ( r e f .  1 ) .  Due t o  t h i s  d i s c r e p a n c y ,  measurements 
were per fo rmed i n  f o u r  d i f f e r e n t  LaA103 samples, each one made from d i f f e r e n t  
ba tches ,  i n  o r d e r  t o  de te rm ine  i f  t h e  d isagreement  was due t o  i n t r i n s i c  p ro -  
p e r t i e s  o f  t h e  sample. 
these measurements was p r a c t i c a l l y  t h e  same for  a l l  t h e  samples and was con- 
s i s t e n t  w i t h  o u r  p r e v i o u s l y  de termined v a l u e .  N e v e r t h e l e s s ,  s i n c e  n o t  much 
i n f o r m a t i o n  f o r  t h e  va lue  o f  t h e  d i e l e c t r i c  c o n s t a n t  o f  t h i s  s u b s t r a t e  i s  
a v a i l a b l e  y e t ,  a d d i t i o n a l  exper imen ta l  v e r i f i c a t i o n  w i  1 1  be a p p r o p r i a t e .  
Zr02 samples a r e  0.496 mm, 0.432 mm, and 0.494 mm r e s p e c t i v e  7 y. F i g u r e s  4 to  
The va lue  o f  t h e  d i e l e c t r i c  c o n s t a n t  o b t a i n e d  from 
Tab le  I shows t h e  r e a l  and imag ina ry  p a r t s  o f  t h e  complex p e r m i t t i v i t y ,  
For MgO and Al2O3, a decrease o f  6 and 14 p e r c e n t  down 
a t  f o u r  d i f f e r e n t  tempera tures  and a t  32.9 GHz.  A decrease i n  t h e  v a l u e  of t h e  
r e a l  p a r t  of the  complex p e r m i t t i v i t y  i s  c l e a r l y  observed i n  a l l  t h e  s u b s t r a t e s  
under c o n s i d e r a t i o n .  
t o  70 K, and o f  7 and 15 p e r c e n t  down t o  20 K r e s p e c t i v e l y ,  i s  observed.  For  
LaA103 and Zr02, t h e  v a l u e  o f  t h e  r e a l  p a r t  o f  t h e  complex p e r m i t t i v i t y  i s  
lowered by 10 and 13 p e r c e n t  r e s p e c t i v e l y ,  a t  tempera tures  around 70 K ,  and 
3 
goes down 14 p e r c e n t  fo r  LaA103 and 1 5  p e r c e n t  fo r  ZrO2, a t  20 K. For S i02 ,  
the  d i e l e c t r i c  cons tan t  i s  lowered by 1 p e r c e n t  a t  70 K and by 2 p e r c e n t  f o r  
tempera tures  around 20 K. 
From comparison of t h e  d a t a  of t a b l e  I w i t h  t h a t  o f  t h e  re fe rences  men- 
t i o n e d ,  i t  can be seen t h a t  t h e r e  I s  r e l a t i v e l y  good agreement for t h e  r e a l  
p a r t  o f  the  complex p e r m i t t i v i t y  b u t  w ide r  v a r i a t i o n  f o r  t h e  imag ina ry  p a r t .  
For example, a com a r i s o n  o f  t h e  v a l u e  fo r  t h e  loss tangen t  for  MgO a t  room 
tempera ture ,  8x10-5, o b t a i n e d  from the  d a t a  i n  t a b l e  I, w i t h  t h e  v a l u e  quo ted  
by  Von H i p p e l ,  3x10-4, r e v e a l s  a d i f f e r e n c e  o f  two o r d e r s  o f  magn i tude.  Due 
t o  t h i s  f a c t ,  i t  i s  v e r y  d i f f i c u l t  t o  observe  a p a r t i c u l a r  t empera tu re  and f r e -  
quency dependence fo r  t h i s  parameter.  This i s  an i n t r i n s i c  l i m i t a t i o n  of  t h e  
techn ique ,  when a p p l i e d  i n  the  c a l c u l a t i o n  o f  t h e  imag ina ry  p a r t  o f  t h e  complex 
p e r m i t t i v i t y  f o r  m a t e r i a l s  o f  low l o s s  tangen t ,  as ment ioned i n  t h e  
i n t r o d u c t i o n .  
The f requency  o f  32.9 GHz was s e l e c t e d  for  c o n s t r u c t i o n  o f  t a b  
b e i n g  t y p i c a l  o f  t h e  l a r g e s t  v a r i a t i o n s  w i t h  tempera ture .  F i n a l l y ,  
measurements, t h e  s t a t i s t i c a l  e r r o r  i n  t h e  r e a l  p a r t  o f  t h e  complex 
t i v i t y  i s  50 
The r e a  
02, w h i l e  t h e  v a r i a t i o n  i n  t h e  i m a g i n a r y  p a r t  i s  l a r g e  
CONCLUSIONS 
and imag ina ry  p a r t s  o f  t h e  complex perm 
and S i 0 7  have been measured. A decrease 
e I as 
fo r  these 
p e r m i t -  
t t l v i t y  f o r  MgO, A l 2 O 3 ,  
i n  t h e  v a l u e  o f  t h e  r e a l  LaA103, Zr02 
p a r t  o f  t h e  complex p e r m i t t i v i t y ,  w i t h  dec reas ing  tempera tu re ,  was observed I n  
a l l  t h e  s u b s t r a t e s .  Never the less ,  no  c o n s i d e r a b l e  change was observed as a 
f u n c t i o n  o f  f requency .  The r e s u l t s  o b t a i n e d  i n  t h i s  s t u d y  show t h a t ,  a t  l e a s t  
from t h e  s tand  p o i n t  o f  t h e  d i e l e c t r i c  c o n s t a n t ,  t h e  s u b s t r a t e s  c o n s i d e r e d  
appear to  be b e t t e r  s u i t e d  than  SrT i03 ,  f o r  use w i t h  t h e  new h i g h  tempera tu re  
superconductors  i n  microwave a p p l i c a t i o n s .  
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TABLE I .  - COMPLEX PERMITTIVITY OF MICROWAVE SUBSTRATES A T  32.9 GHz 
[ e l r  = r e a l  p a r t  of complex p e r m i t t i v i t y .  el lr  = i m a g i n a r y  p a r t  o f  
complex permi  t t i v i  t y . 1  
S u b s t r a t e  MgO A1203 LaA103 Zr02 S i 0 2  
300 9.88 0 .556  9 .51  0 .675  21.9 1.70 25 .4  1 .72  3 .82  0 .516 
150 9 .45  .726 8.52 .925 21.6 1.48 23.6 1.75 3 .80  .159 
70 9 .26  .351 8 .19  .695 19.7 2.98 22 .0  2 . 5 0  3 .78  .688 
20  9 .19  .420 8 .11  .613 18 .8  3.71 21.6 2 . 2 3  3.75 .298 
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FIGURE 2. - EXPERIMENTAL SETUP. 
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FIGURE 3. - SAMPLE SUSPENSION SETUP. 
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FIGURE 4. - MGO SUBSTRATE AT ROOM TEMPERATURE. 
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FIGURE 5. - MGO SUBSTRATE AT 20 K .  
7 
J 
d W  I I I I I I J 
oz 26.5 28.5 30.5 32.5 34.5 36.5 38.5 40.5 
FREQUENCY. GHz 
FIGURE 6 .  - SAPPHIRE SUBSTRATE AT ROOM TEMPERATURE. 
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FIGURE 7. - SAPPHIRE SUBSTRATE AT 20 K .  
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